Acute kidney injury (AKI) is associated with increased risk of morbidity and mortality in critically ill children and adults. Neonates remain an understudied group, although previous evidence suggests that this association holds true for them as well.
INTRODUCTION
Acute kidney injury (AKI) is associated with mortality in critically ill children [1, 2] and adults [3] [4] [5] [6] [7] , even after controlling for medical comorbidities, severity of illness scores and patient demographics. Although data from neonatal AKI research has been sparse until recently, previous epidemiology studies have suggested that AKI in neonates is common, and those with AKI are at risk for death and long-term chronic kidney disease [8, 9] . The past year has brought more evidence in this regard, with several new epidemiological studies in a number of different high-risk groups (e.g., very low birthweight and congenital heart disease). In addition, researchers are no longer relying on arbitrary, binary definitions of neonatal AKI [e.g., serum creatinine (SCr) 1.5 mg/dl] and instead are utilizing contemporary, categorical AKI frameworks such as modifications of the Acute Kidney Injury Network (AKIN) [10] staging system and the risk, injury, failure, loss and end-stage renal disease (RIFLE) classification [3, 5] that allow improved diagnosis and staging of AKI by severity. Moreover, there has been exciting new work on novel urinary biomarkers in this population with ongoing optimism that these biomarkers will improve our ability to diagnose and manage neonatal AKI. The purpose of this article is, thus, to review studies published in the last year that enhance understanding of AKI epidemiology, highlight data on urine AKI biomarkers and their use in neonates and encourage ongoing attention to the issue of neonatal AKI by presenting a framework for future research.
DEFINITION OF ACUTE KIDNEY INJURY
Several important factors need to be considered with any neonatal AKI definition, especially those utilizing SCr. Neonates commonly have nonoliguric renal failure, making oliguria (urine output <0.5 ml/ kg per hour) an insensitive marker of AKI. After birth, neonatal SCr reflects maternal levels. Rather than maintaining a steady state, these levels then decline at varying rates over days to weeks depending on gestational age, such that changes (or lack of change) in SCr may be difficult to interpret when evaluating for AKI. Unlike with critically ill children and adults who have SCr measured daily per routine care, there is reluctance to measure SCr frequently in neonates because of concern for blood loss with multiple blood samplings. AKI may then go unrecognized or underestimated. Relying on clinician coding of renal dysfunction may also not be sufficient, as evidenced by Walker et al. [11] , who reviewed 66 526 preterm neonates (gestational age 30 weeks) and found coded diagnosis of 'renal dysfunction' in only 1.9% of the sample (n ¼ 1239) and 'renal failure' in 1.9% of the sample (n ¼ 1257), even though another 15.1% had documented SCr 1.3 mg/dl or more and 2.5% had documented SCr 2 mg/dl or more.
Regardless of these limitations, SCr remains the most studied and widely used clinical biomarker for measuring kidney function. How SCr is used to define AKI has evolved in the adult and pediatric literature, and this last year has seen a similar shift in neonatal studies. Rather than using arbitrary, binary AKI definitions (SCr >1.5 mg/dl, urine output <0.5 ml/kg per hour), several new neonatal studies have utilized modifications of the AKIN staging system or the RIFLE classification. These standardized frameworks have allowed better comparisons across studies, shown consistently that even mild degrees of AKI portend poor outcomes ]. The continued use of standardized definitions in neonatal AKI research will greatly enhance our ability to pool and compare data, as currently most studies are single center with small sample sizes. Table 1 shows the definition we have proposed. Going forward, we will need to test all definitions against widely agreed upon, hard clinical endpoints (e.g., death, length of hospital stay), in order to determine which definition has the most clinical utility.
INCIDENCE/EPIDEMIOLOGY
Several new studies this year in various neonatal populations show high rates of AKI and continue to illustrate the impact of AKI on outcomes in these groups. ] prospectively followed 229 VLBW (birth weight between 500 and 1500 g) infants from birth until 36 weeks postmenstrual age or hospital discharge. They categorized each infant according to a modified AKIN definition ( Table 1 ). They did not include urine output in their definition, citing high rates of nonoliguric kidney injury in this population. Using this framework, 41 of 229 (18%) of the cohort developed AKI (10 in stage 1, 10 in stage 2 and 21 in stage 3). Infants with AKI were more likely to have lower birthweight, gestational age and Apgar scores, as well as higher rates of assisted ventilation and inotropic support. In the AKI group, 42% (17 of 41) died, compared with 5% (nine of 188) in the non-AKI group [hazard ratio (HR) ¼ 9.3, 95% confidence interval (CI) ¼ 4.1-21.0; P < 0.01]. Those with AKI had higher mortality independent of multiple adjusted confounders (adjusted HR ¼ 2.3, 95% CI ¼ 0.9, 5.8; P ¼ 0.06).
Very low-birthweight infants

Infants with congenital heart disease
Incidence of AKI in infants with congenital heart disease (CHD) undergoing cardiopulmonary bypass (CPB) was examined in two studies. Blinder et al.
[14 && ] conducted a retrospective chart review of 430 infants (<90 days, median age 7 days) with CHD.
KEY POINTS
Acute kidney injury (AKI) is common in critically ill neonates and associated with increased risk of morbidity and mortality.
Use of standardized definitions will enhance recognition of AKI at the bedside and facilitate crossstudy comparison of limited data.
Novel urinary biomarkers show promise in their ability to predict AKI in the neonatal population. ] evaluated 374 patients (including 35 neonates) with CHD for the development of postoperative AKI in their study on the use of neutrophil gelatinase-associated lipocalin (NGAL) to predict AKI after CPB. They defined AKI as an absolute increase in SCr 0.3 mg/dl or more from baseline within 48 h of surgery. Using this definition, eight of 35 (23%) had AKI by median 1 day after CPB. No differences in mortality were seen between the neonates with AKI and those without in this small neonatal subset.
Infants who receive extracorporeal membrane oxygenation
In a large retrospective cohort study using data from the Extracorporeal Life Support Organization registry, Askenazi et al. [12 & ] evaluated the impact of AKI and renal support therapy (RST) in infants who receive extracorporeal membrane oxygenation (ECMO) for noncardiac reasons. AKI was defined as SCr higher than 1.5 at any point in the hospitalization. Of the 7941 neonates in their cohort, 27.4% died. Nonsurvivors had higher rates of AKI than survivors (19 vs. 3.9%, P < 0.0001), and more nonsurvivors received RST than survivors (39.7 vs. 16%, P < 0.0001). After adjustment for numerous confounding variables, neonates with AKI had 3.2 higher odds of death than those without AKI (P < 0.0001); neonates who received RST had 1.9 higher odds of death (P < 0.0001) than those who did not receive RST. This data suggests that AKI (prevention, early identification) and RST (timing of initiation and duration) may be potential modifiable factors that warrant further study.
Two smaller studies also had similar findings. In a retrospective chart review of infants with congenital diaphragmatic hernia requiring ECMO, Gadepalli 
Infants with perinatal depression
Kaur et al. [18] evaluated 36 neonates who were 34 or more weeks of gestation with 1 min Apgar score higher than seven. AKI developed in 9.1% (one of 11) with moderate asphyxia and in 56% (12 of 25) infants with severe asphyxia. AKI persisted in 16.6% neonates at 96 h of life.
BIOMARKERS
As discussed previously, SCr-based AKI definitions have multiple shortcomings, especially in the neonatal population. Of the most important, SCr estimates glomerular function, not damage, and takes days to rise after an injury has occurred. Thus, the focus has been to find better AKI biomarkers to diagnose this process earlier in the course, allow the development of interventions and ultimately improve outcomes. Urinary biomarkers show great promise in this regard. The last year has seen more data on the use of AKI biomarkers in children with CHD, and additional data in premature infants has emerged.
Urine acute kidney injury biomarkers in neonates with congenital heart disease undergoing cardiopulmonary bypass
Children with CHD undergoing CPB represent an ideal population for studying AKI because the timing of injury is known, and they do not have underlying chronic renal disease. Data on serum and urine NGAL [17 && ], urine liver fatty acid-binding protein [19] , serum and urine cystatin C [20, 21] , urine interleukin 18 (IL-18) [22] , urine aprotinin [23] , urine netrin-1 [24] and others has been published in this cohort.
As mentioned above, Krawczeski et al. [17 && ] evaluated the use of NGAL as an early marker of AKI in children with CHD undergoing CPB. In their subgroup of 35 neonates (>37 weeks gestational age), both plasma and urine NGAL were significant predictors of the development of AKI, rising within 2 h after CPB [area under the curves (AUC) for both >0.88, all P < 0.05]. Urine NGAL thresholds were higher in the neonatal group vs. nonneonates (185 vs. 48 ng/ml). In this small neonatal sample, NGAL did not correlate with longer duration of AKI or hospital stay as it did in the nonneonatal group.
Urine acute kidney injury biomarkers in premature infants
Premature infants are born with immature renal tubules, as renal development normally continues until 34 weeks postconception. Baseline evaluation of urine NGAL in premature infants shows that urine biomarkers are inversely related to both gestational age and birthweight [25] . Askenazi These studies suggest that urine biomarkers can predict AKI and mortality in premature infants. Controlling for gestational age will be imperative when evaluating urine biomarkers in premature infants going forward.
THERAPIES FOR ACUTE KIDNEY INJURY IN NEONATES
Unfortunately, despite the known impact of AKI on patient outcomes, there is little data on its prevention or treatment. Currently, only RSTs are approved, although there is little data regarding their application in this population. Two recent studies explore potential AKI treatments; however, further studies on these and other therapies will be needed before they can be used to intervene in the natural course of AKI.
In 2008, Ricci et al. [28] evaluated 60 neonates undergoing cardiac surgery with CPB and found that low-dose fenoldopam, a selective dopamine-1 receptor, did not improve urine output, fluid balance or AKI in neonates. In 2011, however, the same group showed that urinary NGAL and CysC values were significantly reduced at the end of surgery in infants who received high-dose fenoldopam compared with those who received placebo (P ¼ 0.025 and 0.039, respectively) [29] .
Hobbs et al. [30] used rasburicase, a recombinant urate oxidase, for management of hyperuricemia in seven infants with AKI (SCr >1.5 mg/dl) and hyperuricemia (serum uric acid >8 mg/dl). Within 24 h, serum uric acid decreased from 13.6 AE 4.5 to 0.9 AE 0.6 mg/dl (P < 0.05), SCr decreased from 3.2 AE 2.0 to 2.0 AE 1.2 mg/dl (P < 0.05), and urine output increased from 2.4 AE 1.2 to 5.9 AE 1.8 ml/kg per hour (P < 0.05).
FUTURE RESEARCH FRAMEWORK
In 2007, the AKIN [31] proposed a model to guide further research in the field of AKI (Fig. 1 represent potential for either worsening or improvement at each step of the AKI pathway. At each step there is also risk for the development of complications. At each arrow there is opportunity for hypotheses to be generated and tested. Here, we provide a framework for future research in neonatal AKI that we hope will encourage ongoing attention to this issue.
(1) Unique populations of neonates are at risk for AKI, including premature infants, those with CHD who undergo CPB and those who suffer perinatal depression. In each of these groups, there are demographic and clinical factors that put them at risk for developing AKI (arrow 1 
CONCLUSION
The field of neonatal AKI research has grown over the last year. Researchers are adapting categorical definitions of AKI, biomarkers are being tested and neonatal AKI epidemiology is better understood. However, there is still a tremendous amount of work to be done. With this intensification of research, there is hope that we will be able to decrease morbidity and mortality associated with AKI in this population.
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